Cibus filed a patent application related to this study. All authors are employees of Cibus. 35 4 obviating the genotoxic effect of chemical reagents like glycopeptide antibiotics. This has been achieved 87 with the recent advent of engineered nucleases where target specific DSBs are now routine. 88
In plants, DSBs are typically repaired by the imprecise non-homologous end joining (NHEJ) DNA 89 repair pathway, resulting in random deletions and insertions (indels) at the site of repair (Schröpfer et 90 al., 2014) . By leveraging the error-prone nature of NHEJ, many groups have reported using engineered 91 nucleases to generate loss of function alleles in a target-specific manner (Carlson et al., 2012; Lor et al., 92 2014; Shan et al., 2015; Zhang et al., 2015) . Precision genome editing, on the other hand, relies on 93 template-directed repair of DSBs using exogenously supplied double stranded DNA or ssODN and as 94
such is more precise than NHEJ (Voytas, 2013) . While groups have reported using oligonucleotides in 95 combination with engineered nucleases to increase gene editing frequencies in fish, mammals and flies, 96 in plants the challenge of making and tracking targeted genome edits from individual cells through to 97 whole plants in a non-selectable manner remains a barrier. 98
Here we report a significant improvement in genome editing when ssODNs are used to reliably and 99 precisely target nucleotide sequence changes close to a cut site made by DSBs in either a non-targeted 100 or targeted manner. Importantly, we show that these precise, scarless edits are made at sufficient 101 frequency that they can be tracked from individual cells to whole plants without the use of selection. To test the effect of ssODN in combination with low-dose glycopeptide antibiotic treatment, we used 108 an Arabidopsis transgenic line, in which a stably integrated blue fluorescent protein gene (BFP) can be 109 converted to a green fluorescent protein gene (GFP) by editing the codon H66 (CAC) to Y66 (TAC) ( Fig.  110 1). Using this system, we can quantify genome editing based on a cells' green fluorescence using flow 111 cytometry. Protoplasts from this line were treated for 90 min with 0, 250 or 1000 µg/mL of the 112 glycopeptide antibiotic phleomycin. We then introduced either ssODN BFP/41 or BFP/41/NT (BFP/41/NT 113 serves as a negative control and does not contain the C→T edit to convert BFP to GFP; Supplemental 114 Table S1 ), and monitored GFP fluorescence by cytometry 24 h after delivery. BFP/41 along with 115 phleomycin pre-treatment resulted in a dose-dependent increase in the number of GFP positive cells 116 ( Fig. 2) . These results provide evidence that ssODNs can enhance the frequency and precision of non-117 specific DSB reagents, such as phleomycin-based genome editing in Arabidopsis protoplasts. 118
ssODNs Combined with TALEN 119
We next asked if ssODNs can also positively influence genome editing outcomes induced by DSB 120 reagents that make more target-specific approach. To test this, we engineered a TALEN expression 121 construct (BT-1 ; Fig. 3A ) that will target and make a DSB just downstream of the C→T edit required to 122 convert BFP to GFP in our Arabidopsis transgenic line (Fig. 3B ). The BT-1 TALEN construct consists of two 123 arms, both having a TAL effector-like DNA binding domain (TALE) linked to a catalytic DNA nuclease 124 domain of FokI. The TALE domains guide the TALEN arms to specific sites of DNA allowing for 125 dimerization of the FokI endonucleases and subsequent generation of a targeted DNA double strand 126 break in the spacer region between the two binding sites (Cermak et al., 2011) . Each BT-1 TALE 127 recognizes a 19 bp sequence separated by a 14 bp spacer and is comprised of the truncated N152/C+63 128 architecture (Miller et al., 2011; Supplemental Table S2 ). We first examined BT-1 activity at the targeted 129 site on the BFP transgene by measuring imprecise NHEJ repair events occurring in the spacer region. To 130 7 plasmid into Arabidopsis protoplasts. The resulting BFP to GFP editing was then quantified by cytometry 139 72 h after delivery. Protoplasts treated with both ssODNs and BT-1 TALEN exhibited 25-to 45-fold more 140 green fluorescing cells than treatment with ssODN alone and more than 125-fold when TALENs are used 141 
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Combining ssODNs with TALENs resulted in a significant improvement in the frequency of genome 147 edits over using TALENs or ssODNs alone. However, considering the complexity of re-engineering TALEN 148 proteins for each new DNA target, we asked if the more easily designed and constructed engineered 149 nuclease CRISPR/Cas9 could also show enhanced genome edit frequency when supplied with ssODNs. 150
The CRISPR/Cas9 system consists of a Streptococcus pyogenes Cas9 nuclease and a chimeric fusion of 151 two RNAs (crRNA and tracrRNA) referred to as an engineered single guide RNA (sgRNA). The sgRNA 152 supports targeted nucleic acid specificity for Cas9 through base pairing of its first twenty 5' bases with 153 the DNA target, resulting in a site-specific DSB (Cong et al., 2013) . In contrast with TALENs, changing the 154 target specificity of the CRISPR/Cas9 protein complex does not require extensive protein engineering 155 but only minimal manipulation of the sgRNA. We designed the CRISPR/Cas9 expression plasmid, BC-1 156 ( Fig. 5A ), to target near locus H66 of the BFP gene in our transgenic model ( Fig. 5B ; Supplemental Table  157 S4). Following a similar experimental methodology as in our TALENs work, we first examined the ability 158 of BC-1 to target and cleave the BFP gene by measuring the frequency of imprecise NHEJ repair events 159 found upstream of the PAM sequence. In protoplasts treated with BC-1, we detected deletions and 160 insertions at a frequency of 3.7 and 2.4 %, respectively using deep amplicon sequencing (Fig. 6A ). The 161 most represented indel for either insertions or deletions was a single base pair (Data not shown). 162
Notably, when compared to similar experiments with BT-1 (TALEN), the BFP transgene targeting 163 efficiency of BC-1 (CRISPR/Cas9) was nearly three times higher ( Fig. 6B ). Having established the on-164 target activity of BC-1, we next tested for potential off-target cleavage by searching the Arabidopsis 165 genome for sequences with high similarity to the BC-1 target sequence using Cas-OFFinder (Bae et al., 166 2014) . We examined five potential off-target sites that, based on searches, exhibited the most homology 167 to the BC-1 target sequence (Hsu et al., 2013) . Arabidopsis protoplasts were treated with BC-1 for 72 h, 168 after which amplicons were generated using primers that flank each of the five potential off-target sites 169 (Supplemental Table S3 ). These amplicons were then analyzed for NHEJ mutations by amplicon deep 170 sequencing. Of the five sites tested, only Off-1 showed mutations near the predicted cleavage site (Fig. 171 6C; Supplemental Table S5 ). While detectable, this level is ~13-fold less than the On-target control. We 172 suspect this weak activity at Off-1 is based on homology of the sequence proximal to the PAM site 173
where only one mismatch is present ( Fig. 6C ) (Hsu et al., 2013) . 174
Next, to examine the ability of ssODNs to enhance BC-1-mediated BFP to GFP editing, we delivered 175 either ssODN BFP4/41 or BFP4/101 along with BC-1 into protoplasts and then measured GFP 176 fluorescence 72 h later. When BFP/41 or BFP/101 were delivered with BC-1 to protoplasts, a marked 177 increase in the number of GFP positive cells was observed when compared to treatments without 178 ssODNs ( Fig. 6D ). Analogous to our findings with TALENs, we observed a similar ssODN length-179 dependent effect on editing frequency with CRISPR/Cas9. In comparison ssODNs added to CRISPR/Cas9 180 to protoplasts resulted in nearly eight times more BFP to GFP edits than in experiments using TALENs-a 181 12 result we suspect is partially based on the higher targeting activity observed with BC-1 on the BFP 182 transgene. Collectively, these results demonstrate that BC-1 can actively target and disrupt the BFP 183 transgene, and leave negligible off-target footprints. Moreover, when precise cuts made by BC-1 are 184 13 corrected using ssODNs the frequency of precise and scarless BFP to GFP edits in Arabidopsis protoplasts 185 is greater compared to when BC-1 or ssODNs are used alone. 186
Establishing Precise EPSPS Gene Edits in Flax using ssODNs and CRISPR/Cas9 187
To extend the application of genome editing using ssODNs combined with an engineered nuclease to 188 a commercially relevant agricultural crop, we conducted a series of experiments targeting the two highly 189 homologous EPSPS (5'-enolpyruvylshikimate-3-phosphate synthase) loci in flax (Linum usitatissimum). 190 The EPSPS genes code for a protein in the shikimate pathway that participates in the biosynthesis of 191 aromatic amino acids. In plants, EPSPS is a target for glyphosate, an herbicide that acts as a competitive 192 inhibitor of the binding site for phosphoenolpyruvate (Schönbrunn et al., 2001) . Based on our work in 193 Arabidopsis, we chose to make precise edits in the flax EPSPS genes, using ssODNs combined with 194 CRISPR/Cas9 components. We designed a CRISPR/Cas9 expression plasmid (EC-2) that targets a 195 conserved sequence in both EPSPS genes near two loci, T178 and P182, that when edited to I178 and 196 A182, will render the EPSPS enzyme tolerant to glyphosate (Gocal et al., 2007) ( Fig. 7A ; Supplemental  197   Table S4 ). We then delivered the ssODN EPSPS/144 containing the two targeted changes, one of which 198 will disrupt the PAM sequence ( Fig. 7A ; Supplemental Table S1 ), together with EC-2 into flax protoplasts. 199
The treated protoplasts were then allowed to divide to form microcolonies without using selection for 200 21 days (Fig. 7B ). We then measured for precise edits and indel scars in both EPSPS loci by PCR 201 amplifying the region surrounding the target site and subjecting the amplicons to deep sequencing 202 (Supplemental Fig. S1C ). The frequency of precise EPSPS edits ranged between 0.09 and 0.23%, and 203 indels between 19.2 and 19.8% in three independent experiments with these edits and indels being 204 equally distributed between the two loci (Table I) . After establishing the presence of T178I and P182A 205 edits in microcolonies, we next regenerated calli, again without employing any selective agent, then 206 molecularly screened for the targeted edits and indel scars using allele-specific PCR (Morlan et al., 2009). 207 Of 5167 calli screened from experiment 1 and 4601 from experiment 2, 8 (0.15%) and 4 (0.08%) 208 contained both T178I and P182A changes in at least one of the EPSPS loci respectively (Table I) . This edit 209 frequency correlated with the initial sequencing of 21-day-old microcolonies ( Table I) . Calli that 210
screened positive for precise edits from experiment 1 were used to regenerate whole plants under non-211 selective conditions-100% of which screened positive for the presence of the T178I and P182A edits in 212 at least one EPSPS gene through DNA cloning and Sanger sequencing. Sequencing traces for two of these 213 EPSPS edited plants, A23 and B15 are shown in Figure 8 . All regenerated plants transferred to soil were 214 fertile and genotyped as heterozygous for the T178I and P182A edits at either the gene 1 or gene 2 215 16 To identify potential off-target mutations arising from treatment with EC-2 in regenerated plant A23, 220 we amplified 8 different regions of the flax genome bearing sequence similarity to the EC-2 protospacer. 221
We then measured for NHEJ mutations made through imprecise NHEJ events by amplicon deep 222 sequencing. Mutations indicative of EC-2 activity were not detected in any of the 8 potential off-target 223 sites tested for plant A23 ( Supplemental Table S6 ). 224
Glyphosate Tolerance of Edited Callus and Whole Plants 225
To determine the glyphosate tolerance afforded by the T178I and P182A mutations, we challenged 226 callus line A23, a line that was identified as being heterozygous for the T178I and P182A edits in EPSPS 227 gene 2, as well as the whole C 0 plants regenerated from this callus line with glyphosate. A23 callus and 228 control wild type callus was plated on solid regeneration medium containing a range of glyphosate 229 concentrations. After 21 days, the fresh weight of calli with T178I and P182A edits was significantly 230 higher (p< 0.01) than that of wild type calli at all glyphosate concentrations tested ( Fig. 9A and B ). For 231 regenerated whole plants, both wild type and EPSPS edited plants were maintained in soil under 232 greenhouse conditions, then sprayed with either 10.5 or 21.0 mM glyphosate. Six days post treatment, 233 wild type plants exhibited a wilted and necrotic phenotype typical of glyphosate toxicity for both 234 application rates, whereas A23 plants with the edited EPSPS gene exhibited minimal phenotypic change 235 ( Fig. 9C ). This result is notable as it implies that a single T178I and P182A edited EPSPS gene provides a 236 level of tolerance much greater than that observed in the control plants. 237
Taken together, these data demonstrate that in flax, ssODNs combined with CRISPR/Cas9 can result in 238 precise EPSPS edits at sufficient frequency to be detected by molecular screening without the need for 239 selective culture conditions and that these edits are properly transmitted to subsequent generations. 240
DISCUSSION 242
Here we report, in two different plant systems, that precise scarless edits mediated by reagents that 243 make DSBs can be significantly enhanced when combined with ssODNs. Delivery of ssODNs to 244 Arabidopsis protoplasts pre-treated with the non-specific DSB reagent phleomycin, improved the BFP to 245 GFP editing frequency at doses higher than what has been previously reported for such antibiotics 246 (Suzuki et al., 2003) . We postulate that this difference in effective dose may be related to the membrane 247 permeability of phleomycin in Arabidopsis protoplasts (Sidik and Smerdon, 1990) . While effective at 248
improving genome editing, it should be noted that because of its non-discriminate nature, there is 249 potential for phleomycin to cause random DSBs remote to the target site that will be repaired 250 imprecisely by NHEJ. These mutations however, are analogous to those generated using a chemical 251 mutagenesis approach typical of traditional plant breeding programs and these mutations could, in most 252 cases, be eliminated through outcrossing. As such, the use of ssODNs and phleomycin as a method for 253 generating precise genome edits is notable and implies that generation of DSBs is an important factor 254 for improving genome editing efficiencies in plants. 255
A more significant increase in the frequency of precise scarless genome edits was observed when 256 ssODNs were used with engineered nucleases TALENs or CRISPR/Cas9. We suspect this increase is 257 related to the generation of a target-specific DSB in close proximity to the intended edit site (Yang et al., 258 2013) . In Arabidopsis protoplasts, CRISPR/Cas9 activity, as measured by indel mutations, was on average 259 higher than equivalent experiments with TALENs (Fig. 3C) . A similar result was reported by Liang et al., 260 (2013) , when targeting the same locus in maize with both TALEN and CRISPR/Cas9. However we cannot 261 rule out other factors, such as transcriptional efficiency, engineered nuclease architecture, differences in 262 target region, or methylation status, among others that may contribute to this difference in targeting 263 efficiency (Bortesi and Fischer, 2015) . In our work, the frequency of precise genome edits was higher in 264 CRISPR/Cas9-treated contrasted with TALEN-treated Arabidopsis protoplasts when ssODNs were added. 265
We interpret this result to be a function of the higher nuclease activity exhibited by CRISPR/Cas9 at the 266 BFP target site. Notably, regardless of engineered nuclease type, we consistently found that increased 267 ssODN length had a positive effect on editing. A similar effect is observed in editing experiments without 268 supplemental nuclease, suggesting that this enhancement is independent of DSBs near the target site. 269
One would assume this effect could be related to the higher level of homology to the target region that 270 longer ssODNs possess, but it may be simply related to an increased in vivo half-life. More rigorous 271 examination will be required to fully understand how ssODN length influences genome editing. 272
While a combinatorial approach to genome editing using engineered nucleases and ssODNs has been 273 reported in fish and mammals (Ding et al., 2013; Hwang et al., 2013; Strouse et al., 2014; Wefers et al., 274 2013; Yang et al., 2013) , there is only a small number of published data for plants. Shan et al., (2013) herbicides. Using a double selection strategy, the authors first selected the transgenic lines that had 283 integrated CRISPR/Cas9 reagents using a phosphinothricin acetyltransferase (PAT) selectable marker 284 that confers resistance to bialophos and then selected for the targeted events with the herbicide 285 chlorsulfuron. Regenerated plants from successfully edited ALS lines were subsequently shown to be 286 tolerant to herbicide. 287
Employing CRISPR/Cas9 in combination with ssODNs we efficiently generated non-transgenic plants 288
with precise scarless genome edits in each of the two flax EPSPS genes. Because we obtained a high edit 289 frequency, we were able to regenerate whole fertile plants from edited protoplasts without the use of a 290 selection agent. This is notable as it allows for efficient targeting of non-selectable traits or non-protein 291 coding DNA such as promoters and non-coding RNA (ncRNA). To our knowledge, this is the first report 292 describing regeneration of whole plants that contain the intended precise genome edits from individual 293 protoplasts without using selection. Our successful introduction of a glyphosate tolerance trait into flax 294 through the use of ODM underscores the potential of developing new traits in agriculturally important 295 crop plants in a non-transgenic manner. 296
MATERIALS AND METHODS 297

Construction of Engineered Nucleases 298
Design and construction of the TALEN expression construct BT-1 was based on previously described 299 rules (Cermak et al., 2011) . The target sequence was selected based on the gene editing site and the 300 repeat variable-residue (RVD) following the rules that NG, HD, NI, and NN recognize T, C, A, and G, 301 respectively. The assembly of TAL effector domain linked to the heterodimeric FokI domains was 302 completed through a commercial service (GeneArt; Life Technologies, Carlsbad, CA). TALEN monomers 303 were cloned between the mannopine synthase (MAS) promoter and the pea ribulose bisphosphate 304 carboxylase (rbcE9) terminator and expressed as a coupled unit. 
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Cas9 expression plasmids BC-1 and EC-2, a higher plant codon-optimized SpCas9 gene containing a SV40 306 NLS at both the N-and C-terminal and a 3x FLAG tag on the N-terminal was synthesized as a series of 307 GeneArt® Strings™ (Life Technology, Carlsbad, CA), assembled and then subsequently cloned 308 downstream of the MAS promoter and upstream of the rbcsE9 terminator by Gibson's method (Gibson 309 et al., 2009 ). Next, a sgRNA cassette consisting of a chimeric gRNA, whose expression is driven by the 310 Arabidopsis U6 promoter, was synthesized as GeneArt® Strings™, then shuttled into the Cas9 containing 311 construct using Gibson's method forming pBCRISPR. To specify the chimeric sgRNA for the respective 312 target sequence, pairs of DNA oligonucleotides encoding the protospacers for BC-1 and EC-2 313 (Supplemental Table S4 ) were annealed to generate short double stranded fragments with 4-bp 314 overhangs. The fragments were then ligated into BbsI digested pBCRISPR to yield CRISPR/Cas9 315 constructs BC-1 and EC-2. 316
Oligonucleotides 317
All ssODNs used in this study were synthesized by Trilink Biotechnologies (San Diego, CA). All 318 amplification primers were synthesized by IDT (Coralville, IA). 319
Cell Culture and Protoplast Isolation: Arabidopsis thaliana 320
Surface-sterilized Arabidopsis seeds were germinated under sterile conditions. Roots from 2 to 3-321
week-old seedlings were collected and maintained in ½ MS liquid medium (Murashige and Skoog, 1962) 322 under low light at 25°C. Cultures were transferred to and maintained in MSAR1.1 (MSAR1 as described 323
in (Mathur and Koncz, 1995) , without 6-(γ,γ-dimethylallylamino)purine riboside) three weeks prior to 324 protoplast isolation to induce root-meristematic-tissue (RMT). RMT was incubated in an enzyme 325 solution containing 1.25% Cellulase RS and 0.25% Macerozyme R-10 with gentle shaking. The released 326 protoplasts were collected and purified by density centrifugation. Protoplasts were re-suspended in TM 327 solution (14.8 mM MgCl 2 x 6H 2 O, 5 mM MES, 572 mM mannitol, pH 5.8). 328 329
Cell Culture and Protoplast Isolation: Linum usitatissimum 330
Flax protoplasts were isolated from 3-week-old seedlings germinated in vitro. After digestion of shoot 331 tips in a solution containing 0.66% Cellulase YC and 0.16% Macerozyme R10, the resulting protoplasts 332
were purified by density centrifugation and used for transfection on the day following purification. 333
Protoplast Transfection 334
Arabidopsis protoplasts (2.5 x 10 5 ) were transfected with either 25 pmol ssODN alone, 25 pmol 335 ssODN plus 5 µg CRISPR-Cas9 plasmid (BC-1), 25 pmol ssODN plus 5 µg TALEN plasmid (BT-1), or mock-336 treated using PEG mediated delivery. Transfection occurred on ice for 10 minutes. Transfected 337 protoplasts were cultured in MSAP (MSAR1.1 containing 0.4 M mannitol) in low light at 25°C. For 338 experiments with phleomycin (InvivoGen, San Diego, CA), protoplasts were kept in TM adjusted to pH 339 7.0 for 90 min on ice before transfection. For flax, after 18 h of culture, 1 x 10 6 protoplasts were 340 transfected with 200 pmol of ssODN and 20 µg of CRISPR-Cas9 plasmid (EC-2) using PEG-mediated 341 delivery. Treated protoplasts were incubated in the dark at 25°C for up to 24 h, embedded in alginate 342 beads (Roger et al., 1996) and cultured in basal V-KM liquid medium (Binding and Nehls, 1977) 343 supplemented with 91 nM thidiazuron (TDZ) and 11 nM NAA. Edits to the EPSPS gene were assessed by 344 NGS in genomic DNA extracted from pools of approximately 10,000 microcolonies obtained from 345 protoplasts 3 and 7 weeks after transfection. Microcalli were then released from the alginate and 346 transferred to solidified medium for shoot regeneration [MS salts; Morel and Wetmore vitamins (Moral 347 and Wetmore, 1951) , 3% sucrose, 91 nM thidiazuron (TDZ), 11 nM NAA, pH 5.8, 0.3% phytagel] at a 348 density of 0.5 ml settled cell volume/plate. After about 3 weeks, individual calli (~0.5 cm diameter) were 349 split in two. One half was used for molecular screening, and the other half was kept in a 24-well plate. 350
Shoots began to develop from calli after approximately 4-6 weeks. Elongated shoots were 351 micropropagated and rooted in MS medium, and rooted plants were transferred to soil and hardened in 352 a growth chamber for 2-4 weeks until the plants were well established. 353
Detection of Arabidopsis BFP to GFP Edits 354
Protoplasts were analyzed using the Attune® Acoustic Focusing Cytometer (Applied Biosystems®) 355 with excitation and emission settings appropriate for GFP. Background fluorescence was based on PEG-356 treated protoplasts without DNA delivery. Data was normalized for transfection efficiency using a 357 fluorescent protein reporter construct. 358
Gene Edit and Indel Sequencing 359
Genomic DNA was extracted from treated protoplasts using the NucleoSpin® Plant II kit as per the 360 manufacturer's recommendations (Machery-Nagel, Bethlehem, PA). Amplicons were generated with 361 primers flanking the BT-1 TALEN, BC-1 and EC-2 CRISPR/Cas9 target region ( Supplemental Fig. S1A, B and 362 C; Table S3 ) using Phusion® polymerase (New England Biolabs) and 100 ng of genomic DNA. The 363 amplicons were purified and concentrated using Qiaquick MinElute columns (Qiagen, Valencia, CA), then 364 deep sequenced using a 2 x 250 bp MiSeq run (Illumina, San Diego, CA). For data analysis FASTQ files for 365 read 1 and read 2 were imported into CLC Genomics Workbench 7.0.4 (CLCBio, Boston, MA). Paired 366 reads were merged into a single sequence if their sequences overlapped. A sequence for an amplicon 367 was identified if it or its reverse and complemented sequence contained both forward and reverse 368 primer sequences. Occurrence of a unique sequence in a sample was recorded as its abundance. 369
Percentage of indels or targeted edits were calculated by dividing the number of sequences with the 370 edit or indel by the total number of sequences, and then multiplying by 100. For flax samples, genomic 371 DNA from microcolony or callus samples was extracted using the EvoPURE plant DNA kit (Aline 372 Biosciences, Woburn, MA) and screened by deep sequencing and allele-specific qPCR (Morlan et al., 373 2009 ). Positive scoring PCR fragments were then TOPO-TA cloned into the pCR2.1 vector (Invitrogen) per 374 the manufacturer's protocol. Typically, cloned PCR fragments from 10-15 transformants were then 375 TempliPhi sequenced (GE Healthcare Life Sciences) to confirm DNA sequence for each EPSPS allele from 376 a single isolated callus. A similar PCR cloning and sequencing procedure was used for DNA sequence 377 confirmation in leaf samples of regenerated shoots. 378
Off-target Analysis 379
Potential off-target loci for BC-1 in the Arabidopsis genome were determined using Cas-OFFinder 380 (Bae et al., 2014) . Potential off-target loci for EC-2 were determined by BLAST searches of the flax 381 genome database in Phytozyme 10.2 (http://phytozome.jgi.doe.gov). Off-target sites based on sequence 382 identities to the protospacer were screened for mutations by deep sequencing. Genomic DNA was 383 extracted from Arabidopsis protoplasts or flax regenerated plants and amplicons generated with 384
Phusion polymerase using primers that flank the potential off-target site ( Supplemental Table S3 ). The 385 amplicons were subjected to deep sequencing using a 2 x 250 bp MiSeq run. Mutations near the 386 expected cleavage site were considered off-target events. The percentage of indels was calculated by 387 dividing the number of sequences with the indel by the total number of sequences, and then multiplying 388 by 100. 389
Herbicide Tolerance Tests 390
Glyphosate tolerance of calli and regenerated plants was assessed in vitro and in the greenhouse, 391 respectively. Individual calli were cloned by cutting and culturing smaller pieces in fresh regeneration 392 medium to increase callus mass. Calli derived from wild type leaf protoplasts were used as negative 393 control. Calli derived from subcultures of individual callus lines were then pooled and broken up into 394 0.5-1 mm pieces by blending in liquid MS medium (4.33 g/L MS salts, 3% sucrose and 0.1% Morel and 395 Wetmore vitamins), and 0.25 ml of settled callus pieces was inoculated on regeneration medium 396 containing 0, 0.125, 0.25, 0.5, 1.0 or 2.0 mM glyphosate in 6-well dishes. a Chi-square test with 2 degrees of freedom at p = 0.05; expected ratio 1:2:1 Observed ratio is not significantly different than expected for all C 1 progeny 411
Supplemental Data 412
The following supplemental materials are available. 413
Supplemental Figure S1 . Diagram showing the methodology for amplicon deep sequencing analysis. 414 Supplemental Table S1 . Sequence of ssODNs used in this study. 415 Supplemental Table S2 . Sequence of TALE binding domains. 416 Supplemental Table S3 . Primers used in the study. 417 Supplemental Table S4 . Protospacer sequence of sgRNAs used in this study. 418 Supplemental Table S5 . Analysis of BC-1 off-targets. 419 Supplemental Table S6 BT-1 contrasted with CRISPR/Cas9 BC-1 in Arabidopsis protoplasts as determined by the percentage of imprecise NHEJ events. C, Off-target analysis for BC-1 CRISPR/Cas9. Imprecise NHEJ events at five loci homologous to the BC-1 target sequence were measured by amplicon deep sequencing (n = 1). Bases in lowercase red font are mismatches to the BC-1 target sequence. D, ssODNs enhance BFP to GFP editing in Arabidopsis protoplasts treated with BC-1. Protoplasts were treated with BFP/41 or BFP/101 with and without CRISPR/Cas9 or BC-1 CRISPR/Cas9 alone. BFP to GFP edits were measured by flow cytometry 72 h after delivery. Data represent mean ± SEM (n = 5). The CCG→GCG edit disrupts the PAM, minimizing EC-2 activity on an edited gene. B, Tissue stages in flax genome editing workflow. 1-protoplasts, bar 10 µm; 2-microcolony at 3w, bar 50 µm; 3-micocalli at 7w, bar 100 µm; 4-shoot initiation from callus, bar 0.5 c; 5-regenerated shoots, bar 0.5 cm; 6-regenerated plant in soil. 
